The present study is concerned with the manner in which a segment of arterial blood flows through the vessels of the human forearm. Specifically it is directed toward answering the question whether blood flows as a unit or is distributed into channels with varying rates of flow. The experimental procedure employed has as its basis the fact that the forearm circulation is small in com- parison to that of the total body.
Volume dilution methods as commonly employed for measuring either cardiac output or total blood volume require a dose of dye or other labelling material sufficiently large to produce significant concentrations in the general circulation. In the cardiac output method only the upslope, peak and first portion of the downslope may be obtained before distortion occurs due to contamination with recirculating labelled material.
In the forearm, however, only a small quantity of dye or other labelling substances injected into the brachial artery produces easily measurable concentrations in the effluent veins. The portion of this small dose of dye which escapes into the general circulation becomes so well diluted that its concentration in vessels elsewhere in the body cannot be detected by ordinary spectrophotometric methods. Hence, the washout of the dyed segment of forearm arterial blood can be studied without contamination or distortion by significant amounts of recirculating injectate.
The purpose of this investigation was not to measure absolute blood flow of the forearm and hand. The validity of indicator-dilution methods has not been established for making such measurement in a peripheral area which has multiple ve- nous drainage (1) . Rather, the concern was with the characteristics of the uncontaminated downslope of the labelled blood in the area drained by the particular effluent vein being sampled.
MATERIALS AND METHODS
The subjects either were normal or patients on the hospital wards. They were all young or early middleaged males. All patients were afebrile and ambulatory for at least one week prior to serving as subjects for these experiments. None were suffering from diseases of the cardiovascular system.
The method was similar to that described in a previous communication (2) except that the amount of dye injected was smaller. One-fourth ml. of a 0.5 per cent solution of the blue dye T-1824 was diluted in a mixture containing 3.5 ml. of deuterium oxide in saline and 02 ml. of 5 per cent sodium thiocyanate in distilled water. Three ml. of this mixture was injected into the brachial artery through a 20 gauge needle attached to a threeway stopcock. Thiocyanate and deuterium oxide were added to the mixture in order to study the time-concentration curves of these permeable substances, as will be described in future reports.
Immediately following the injection sampling was begun through a 17 gauge "thin-walled" needle threaded well into a large antecubital vein. Whenever possible a vein was chosen which appeared to drain the deep as well as the superficial structures. Samples were collected in the manner described previously (2) , usually at intervals of 2 seconds, then 20-second intervals to 4 minutes, then 5, 6, 8, 10, 12 and 15 minutes, respectively. A sample was withdrawn from a vein in the opposite arm 3 to 5 minutes after the injection in order to rule out the possibility of significant amounts of recirculating labelled material.
Several precautions were necessary to insure valid results. The needle in the vein was directed against the stream of flow and the bevel so placed as to provide good outflow and adequate samples. Scanty samples resulted when the bevel was against the side of the vein, producing distorted curves probably due to delay and mixing in the needle and collecting catheter. In cases in which an adequate outflow could not be obtained (less than 0.5 ml. of blood per second) the results were discarded. The arterial needle also must be well placed, permitting unobstructed injection of the tracer materials, 245 and the injection must be accomplished evenly, gently and rather slowly (0.5 to 1.0 ml. per second) in order to avoid arterial spasm. Arterial spasm was recognized by a sudden temporary decrease in outflow from the venous drainage needle. When this occurred the results were discarded.
The dye concentrations in the plasma were determined spectrophotometrically using 1-ml. cuvettes. It usually was necessary to dilute the samples containing the peak dye concentrations (and the plasma blank) with saline in order to obtain accurate readings. Occasional hemolyzed samples either were discarded or were read after precipitating the proteins of the sample and plasma blank with acetone. The resulting dye density values were plotted on semi-log paper. Chromiumt labelled red cells were prepared and the radioactivity of the samples was determined by the method of Sterling and Gray (3).
Mean circulation time was calculated as follows: each concentration per unit time was multiplied by its respective time from the midpoint of injection. The sum of these products then was divided by the sum of the concentrations. The volume of the collecting system (needle, stopcock and collecting catheter) was measured and appropriate correction made for delay in the catheter.
RESULTS
Uncontaminated curves were obtained in 28 subjects, in 25 with the dye T-1824 and in 3 with Cr5l labelled red cells (Table I 
. Although the majority of the curves showed clearly delineated biphasic downslopes there were some variations from the type of curves illustrated. The variations seen included irregularity of upslope, "sawtooth" or double peaks and small, late, third phase which was either shallower or steeper than the preceding phase. These variations usually were observed in the cases in which small samples were obtained presumably because of poor venous blood flow. In the calculations which follow, these variations were "rounded off" because they would be difficult to subject to mathematical treatment and were not representative of the majority of the curves.
The biphasic downslopes were not due to differences in velocity of blood flow through the hand as compared with the forearm. In 9 subjects the hand was excluded by inflating a cuff on the wrist to pressures 100 mm. Hg above systolic pressure (Table I) . Typical biphasic downslopes were seen in 8 of these cases. In two subjects (A. R. and E. P., Table I ) the injection was made into the radial artery and sampling was carried out through a vein in the wrist. Multiphasic downslopes were obtained in both instances. of flow and volume. Absolute measurements of flow were not possible because the dye is not always distributed uniformly in the forearm (1). However, the relative flows and relative volumes in the biphasic system could be determined using only the mean circulation times.
The solution was based on the well known relationship that vascular volume from the point of injection to the point of sampling is equal to blood flow multiplied by the mean circulation time. Thus, v1, the vascular volume of the rapid component, was equal to f, ( f1 + f2 = F. The ratio f1/f2 was obtained as follows:
Similarly:
f2/ mitted to flow through the system and T-1824 was injected into the common inflow tract. By placing a resistance (screw clamp) in the inflow tract to either v, or v2 the flows to either v, or v2 could be adjusted at will. By clamping the common outflow tubing the flows through v1 and v2 could be measured separately either directly or by the dye dilution method. After several such determinations the side channels were clamped and the common outflow tubing opened. The dye again was injected in order to obtain the composite dye dilution curve. One such experiment is illustrated in Figure  3 (tI\ A simple model was prepared to test these assumptions (Figure 2 ). Plastic cylinders with gently sloping inflow and outflow tracts designed to minimize areas of stagnant flow and permit good mixing of the dye were designated v, and v,. These were filled loosely with glass wool to further promote adequate mixing. These plastic vessels were connected with Tygon plastic tubing as shown in Figure 2 (4) .
The actual distribution of path lengths in the forearm would be expected to follow a typical population or "bell-shaped" distribution curve. If the velocities of flow were uniform in each subdivision throughout the forearm and difference in path lengths was the only variable, the downslope would be monophasic, the ascending limb representing the shortest pathways, the peak the numerically greatest path lengths and the downslope the longest pathways. In order to explain the presently observed biphasic system two distinct populations of pathways are assumed, both being present in the hand alone and in the forearm alone.
If path length was the only variable, and since t2 averaged more than 4 times t1, it also is assumed that the 2 populations of path lengths differed from each other by a factor of 4. On the basis of presently accepted circulatory velocities (4) the capillaries composing the slow compartment would average about 100 cm. in length, a figure which seems to be incredibly large.
The two compartment system also might be explained on the basis of differences in blood velocity through the principal tissues of the forearm, namely, muscle and skin. Blood velocity through the skin alone can be estimated by observing directly the passage of appropriate doses of fluorescein or T-1824 in the forearm following brachial arterial injection (5) . Peak dye concentrations occur within 1'0 to 30 seconds after the dye is injected, although traces can be seen in heavily stained areas for longer periods. These studies indicate that the major portion of blood flow to the skin travels at velocities consistent with t1 and not t2. Thus, if the slow component is limited to one of the major tissue subdivisions of the forearm, it probably resides in the muscles. Data to be presented later do not support this explanation. Local muscular exercise to the point of exhaustion was carried out by having the subject repeatedly squeeze a hand dynamometer. Dye curves following such local exercise revealed proportionate reductions of both t1 and t2 compared with the controls. Since muscle and not skin was affected predominantly by such exercise, and if muscle were the site of the slow component, there should have been a disproportionate reduction of t2. In addition, in the untreated subject biphasic curves were observed in the hand alone, which contains little muscle, and in forearm alone (exclusive of the hand and wrist), which contains predominantly muscular tissue.
Renkin, utilizing a different technique, observed similar biphasic blood flow patterns in the perfused hindleg of the cat (6). The relative volumes of the two components were uninfluenced by removing the skin. The proportion of bone was too small to account by itself for one compartment and Renkin concluded that both compartments are present in skeletal muscle. These various observations make it appear unlikely that the twophase velocity system is produced by differences in blood velocity in different tissues.
Barcroft presents evidence pointing toward a double circulation in the human forearm and calf (7) . He believes that one is under neurogenic control, the other under the influence of local metabolites. The measurements were determined on mean blood flow and its response to various stimuli.
Whereas in the normal subjects flow in the rapid component usually predominated, the vas- cular volumes of the two components were of the same magnitude. Thus, nearly half and in many of the subjects more than half of the vascular volume of the forearm contained slowly circulating blood. As has been outlined above the evidence pointed away from localizing rapid blood flow to one type of tissue and sluggish flow to another and suggested that the two flow systems existed side by side in both skin and muscle.
In seeking for the location of this large vascular component we have observed the circulation in the hamster cheek pouch according to the method of Lutz and Fulton (8). Using 100 to 300 times magnifications it was apparent immediately that the small vessel circulation has a biphasic pattern of blood velocity. In every field vessels of the same order were seen with widely varying rates of blood flow ( Figure 6 ). The mechanism for the variation of velocity was apparent. The circulation was highly anastomotic with many interarteriolar, intercapillary and intervenular connections. A similar anastomotic circulation has been described in the bat's wing (9, 10) , in the subcutaneous tissue of mice (11), in voluntary muscle (12) and in intestinal wall (13) . Since pressures at either end of the anastomosis were similar, flow was sluggish in the anastomosis. Indeed, it sometimes would stagnate, surge first one way and then the other and occasionally reverse.
Flow through this network of small vessels also was highly dynamic. A capillary or venule appearing to contain the rapid or main line flow would suddenly change into a sluggish channel. Similarly, slow moving flow in an anastomotic vessel would for short periods become rapid, moving sometimes in one direction, at other times in the opposite direction. Thus, not only do the rapid and slow moving circulations exist side by side but some of the small vessels change their role from time to time, now carrying rapid and at another time sluggish flow. In a system composed of anastomotic channels relatively minor shifts in pressure could easily change the pattern of blood flow. The factors controlling such pressure fluctuations are not completely understood although contraction of arterioles and precapillary sphincters probably play a part. Although these direct observations on the microcirculation of other preparations do not prove that the slow component of the forearm circulation in man is due entirely to retarded flow in anastomotic vessels, they provide a reasonable hypothesis for further study.
An alternative method of calculating the relative flows and volumes would be to treat the two curves as if they were occurring synchronously rather than successively. In this situation the late downslope is extrapolated back to the peak of the primary curve (since the two curves are assumed to be synchronous) and the values so obtained subtracted from the early downslope. This will produce a decrease in the ratios f,/f2 and v,/v2, i.e., f2 and v2 will become larger relative to f, and v1 (Table II) . This method of analysis seems to lack validity for the following reasons: in the present experiments the observations began at the instant of first injection of the tracer material which was confined to the intravascular space. The tracer entered as a bolus and was preceded and followed by undyed blood. In essence, it At first glance it may appear that, since the two components probably are confined to the terminal arborizing network of small vessels, mixing will be simultaneous in both systems. This analysis is not justified, however. The traversal time of the dye is dependent upon the two factors of path length and velocity of flow. Reasons for believing that the biphasic pattern is due to differences in velocity rather than in path length have already been presented. Obviously the same small vessel cannot carry simultaneously both high and low velocity flow. Since the vessels must be separate at any given point in time, the analysis will not be affected whether they present an anastomotic network or two separate mixing chambers as in the model. Each chamber of the model also has to a lesser extent a population of path lengths (the central stream as compared to paths adjacent to the walls of the chamber) and of velocities (laminar flow).
Finally, it should be mentioned that in a few of the biphasic curves a second upslope and peak were evidenced. On the other hand, it must be admitted that the majority of the curves did not show second peaks and that the method of their reconstruction is arbitrary even though based on reasonable assumptions.
It seems probable that a transition zone was present in all of the cases but was not detected in some because it was too short to be apparent without more frequent sampling. The distinction between the presence or absence of a transition zone often was one of personal choice. For example, in Figure 1 it would have been possible to draw a transition zone in patient S. M.
When transition zones were delineated clearly it was found that extrapolation of the early downslope reached an insignificant concentration at a point on the abscissa which approximated the end of the transition zone or beginning of the late downslope. This would be expected if the transition zone represented the merging of the downslope of t1 and the upslope of t2. However, when the method of analysis dependent upon backward extrapolation of t2 was used the resulting t, downslope reached insignificant concentrations at a point in time far short of the end of the transition zone. This would indicate that the contribution of dye from the rapid component had been dissipated at this point. This leaves no explanation for the transition zone except to postulate a relatively brief third component with no transition zones, which seems unlikely. Thus, backward extrapolation of the late downslope leads to serious difficulties in regard to the interpretation of the transition zone and provides an additional reason for discarding this method of analysis in the present experiments.
Regardless of the method of establishing the partition between "fast" and "slow" components the relationship between f,/f2 and T as well as v1/v2 and f1/f2 will be similar qualitatively as can be shown by plotting the representative cases listed in Table II . It should be emphasized that the terms "components" or "compartments" do not imply anatomically discrete systems. As will be shown in a later communication the ratios fl/f2 and v./v2 change markedly in the same forearm under conditions of vasodilation, vasoconstriction or venous congestion. These changes in f1/f2 and v,/v2 continue to be related to T as in the present study. Similar to the hamster cheek pouch circulation, therefore, some vessels may at one point in time be members of one component and at another point in time (and especially during major hemodynamic changes) become a part of the other component.
The present biphasic downslopes are not to be confused with the hyperbolic downslopes characteristic of dye curves obtained in a single tube containing laminar flow. The present curves were distinctly biphasic rather than hyperbolic. The "break" in the biphasic curve usually occurred after 60 seconds, which would be quite late if it were due only to the effects of laminar flow. Finally, labelled red cells which are not subjected to laminar flow also exhibited biphasic downslopes.
The question arises whether the biphasic pattern of blood flow is limited to a few body areas or is characteristic of the flow pattern in all organs. Data to be presented in a later communication indicate that the lungs and kidney of the dog exhibit biphasic downslopes although in these rapid flow areas the fast component predominates much more than in the forearm circulation.
SUMMARY AND CONCLUSIONS
Utilizing a method to prevent significant recirculation, the late downslopes of T-1824 or Crlc labelled red cells were determined in the human forearm of 28 subjects.. All but three of these curves exhibited biphasic, exponential downslopes.
Analysis of these slopes indicated that the forearm circulation can be divided into a rapid and a slow flowing component. In the normal subject the rapid component usually predominates, whereas the vascular volumes of the two compartments are nearly equal. With increasing forearm blood flow (as indicated by the mean circulation time) flow in the rapid compartment increases relative to that in the slower system. As the relative flow of the rapid component increases its relative volume becomes greater.
Evidence is presented to suggest that the site of the biphasic flow pattern is in the small vessel circulation. Sluggish flow is present in a high percentage of the many interarteriolar, intercapillary and intervenular anastomoses that characterize these vessels.
